The prevalence of vitamin D deficiency in pregnant white-skinned women (WSW) and their infants has not been investigated at northern latitudes in a developed county. A 2-year observational cohort study was undertaken in the North West of England to determine 25-hydroxyvitamin D (25OHD) levels in WSW and their infants during pregnancy and 4 months postdelivery and to explore factors associated with these levels. Nutritional and lifestyle questionnaires were completed and 25OHD levels measured at 28 weeks and 4 months postdelivery.
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Twenty-seven percent and 7% of WSW had insufficient and deficient levels of 25OHD during pregnancy and 48% and 11% four months postdelivery. WSW with Fitzpatrick skin-type I (FST I) have significantly lower 25OHD than other skin types after controlling for time spent outside and vitamin D intake. Twenty-four percent and 13% of infants had insufficient and deficient 25OHD levels at 4 months. Unsupplemented breast-fed infants have the highest level of insufficiency (67%) compared with formula-fed infants (2%). Factors associated with infant serum 25OHD levels at 4 months included breast feeding, supplementation, and time outside. WSW have a high prevalence of insufficiency and deficiency during pregnancy which doubles 4 months after birth. Breast-fed infants of WSW are rarely considered at risk of vitamin D insufficiency but have high rates compared with formula-fed infants. This is the first study to show the finding that FST I WSW have significantly lower levels of 25OHD than those with FST II-IV (difference adjusted for diet and time outside [14] [15] [16] [17] [18] [19] [20] [21] nmol/L). KEYWORDS breast feeding, pregnancy, skin pigmentation, vitamin D
| INTRODUCTION
Vitamin D deficiency is well recognised in dark-skinned women (Dijkstra et al., 2007; Holick, 2006; Holick, 2007) , and most interventions have targeted this group (Hollis & Wagner, 2004) . However, there is interest in the vitamin D status of white-skinned women especially those in northern latitudes where the amount of effective sunlight is limited to the summer months (Rhodes et al., 2010) . Many adults spend substantial time indoors, which with low winter sunlight lux levels many adults (Lowe, Mitra, Foster, Bhojani, & McCann, 2010) and adolescents (Baker et al., 2009 ) become vitamin D deficient.
Vitamin D deficiency in pregnancy is associated with decreased weight gain (Parr & Ramsay, 1984) , gestational diabetes (Zhang et al., 2008) and preeclampsia (Bodnar et al., 2007) and increased risk of fetal intrauterine growth restriction (Bodnar et al., 2010) and infant respiratory infection (Belderbos et al., 2011; Camargo et al., 2010) , insulin resistance (Krishnaveni et al., 2011) and altered numbers of T regulatory cells (Chi et al., 2011) . After birth, the infant needs a minimum of 200 mg/day of calcium for normal bone mineralisation (Ross, Taylor, Yaktine, & Del Valle, 2011) .
Dietary sources of vitamin D generally only provide about one third of the recommended amount for pregnancy and breast feeding (Ashwell et al., 2010) suggested in the UK (10 μg/day; Vitamin D and Health, 2016) . Breast-fed infants receive one tenth of the recommended vitamin D through breast milk (Mughal, 2011) and in the UK should receive 8.5-10 μg/day after birth (Vitamin D and Health, 2016) . Levels are not routinely checked in whiteskinned infants.
In February 2012, the UK Chief Medical Officers highlighted the recommendation that all pregnant and breast-feeding women should 
| METHODS
Pregnant WSW were recruited to a cross-sectional cohort observational study when attending for routine antenatal appointments between 20 and 28 weeks gestation at a major maternity hospital in the North West of England. Six hundred ten pregnant WSW were consented having self assessed their skin colour (Jennings, Karia, Jambusaria-Pahlajani, Whalen, & Schmults, 2013 ) from standardised photograph examples to be within standard Fitzpatrick skin type (Fitzpatrick, 1988 ; FST) Groups 1-4 (Group 1 white-skinned always burns never tans, Group 4 white-skinned always tans never burns).
Women with FST greater than IV were excluded. A modified lifestyle and nutritional questionnaire was then completed (Jennings et al., 2013) , which included an estimate of the portion (Food Portion Sizes, 2012) of any individual food stuff eaten on a daily, weekly or monthly basis as appropriate vitamin D intake was analysed using data from
McCance and Widdowson's composition of foods (McCance & Widdowson, 2011) . Sun exposure to skin was recorded in 4 groups: face only; face and hands; face, hands, arms and or legs; and face, hands, arms and or legs and trunk. The use of sun protection factors was recorded as never, occasionally or often, and whether high (≥20) or low protection (≤15) SPC factor was used. Socioeconomic status was assessed using the Index of Multiple Deprivation (IMD) derived from maternal postcodes (Department for Communities and Local Government, Indices of Deprivation, 2010). Clotted whole blood for 25-hydroxyvitamin D (25OHD) analysis was collected at this stage because it was likely to reflect true pregnancy related levels. Newborn infant samples were taken from cord blood. Mothers and their infants were invited back 4 months postdelivery, and 25OHD samples were collected before infant levels could be confounded by commencing solid foods. A further questionnaire was completed documenting maternal vitamin D intake and supplementation along with their infant's type of feeding, supplementation, and sun exposure assessed as time outside and amount of skin exposed to sunlight as described above. All blood samples were plasma-extracted, frozen, stored, and analysed in batches when all the tests for mother/infant pairs had been obtained. 
| Statistical analysis
As the primary outcomes were estimates of the levels of vitamin D and insufficiency, the sample size was determined by feasibility and the need to sample across the range of maternal and infant characteristics and seasons. The planned sample size of 600 was designed to allow estimates with a precision of AE10% in each quarter year. 
Key messages
• Although it is important to continue to focus on ethnic groups with dark skin, there should also be a focus on pregnant white-skinned women (WSW) especially those who breast-feed, to encourage supplementation both during and after pregnancy.
• Our data suggest that all breast-fed infants should be supplemented with vitamin D from birth, and it is timely that the latest publication from the U.K.
Scientific
Advisory Committee on Nutrition recommends that all infants now receive 8.5-10 µg/day.
• It would be important to investigate perceived barriers to maternal and infant supplementation with vitamin D in WSW.
• Table 1 ).
| Measured 25OHD levels
Overall, 73% (95%CI 69-76%) of pregnant WSW had sufficient 25OHD levels with a median (IQR) level of 76.5 (47.9-95.2) nmol/L with 27% (95%CI 24-31%) having insufficient (< 50 nmol/L) including 7% (95%CI 5-9%) with deficient levels (<25 nmol/L). Four months after birth only 52% (95%CI 47-57%) had sufficient levels with a median (IQR) of 51.7 (35.9-72.5) nmol/L ( Table 2 ). Analysis of the data over the 12 months showed a highly significant cycle variation (p < .001) with the highest levels of insufficiency and deficiency in pregnant women at 46% and 11% in the winter months (JanuaryMarch) and the lowest levels at 7% and 1% in the summer months (July-September; Table 2 ). Four months postdelivery 67% and 22%
were insufficient or deficient in the winter months and 10% and 0%
in the summer months ( Figure 2 , Table 2 ).
Median 25OHD cord blood samples were only 50% of maternal 25OHD levels at 38.6 (24.6-56.1) nmol/L with 65% (95%CI 60-70%) and 26% (95%CI 22-31%) insufficient or deficient. There was a significant seasonal variation (P < .001) with 86% and 37% being insufficient and deficient in January-March compared to 44% and 15% during the summer months. Four months after birth, infants had higher levels with an overall median (IQR) 25OHD level of 86 (54-104) nmol/L although 24% were insufficient and 13% deficient. The seasonal variation did not reach statistical significance (p = .064) with 33% and 27% being insufficient and deficient in the winter months and 13% and 4% in the summer months ( Figure 2 , Table 2 ).
| Factors affecting 25OHD levels in WSW predelivery and postdelivery
Factors associated with 25OHD levels included skin type as the 12% of WSW having FST I had a significantly lower (p < .001) levels compared to FST II-IV with seasonally-adjusted differences of 14-17 nmol/L. This remained highly significant after adjusting for sun exposure, vitamin D intake, smoking, and deprivation p < .003 (Table 2 ). This observation of low 25OHD in FST I WSW persisted at 4 months postdelivery (p < .002) with differences of 8-16 for skin types II-IV compared to I (Table 3) .
Seventeen percent of WSW had travelled abroad in the 2 months prior to recruitment and 25OHD levels were significantly higher (by 16 nmol/L; p < .001 adjusted for season) and remained highly significant after adjustment for diet and socioeconomic status (p = .014 in pregnancy and p < .001 at 4 m postbirth).
Smoking was associated with lower levels (difference −19 nmol/L in pregnancy and −16 nmol/L at 4 months; p < .001). The IMD was significantly associated with 25OHD levels in pregnancy with the most deprived quintile having 10.5 nmol/L less 25OHD than the least, although the effect was somewhat less (5 nmol/L) 4 months postdelivery and failed to reach statistical significance (p = .069). These effects were weakened after adjustment for diet and nonsignificant after adjusting for all other variables (Table 3) . However, we note that many of the diet, exposure, and smoking are associated with socioeconomic status. There was an inverse relationship between the level of supplementation in pregnancy and IMD with 90% taking supplements in quintile 1 compared to 62% in quintile 5 (p < .001) and more modest differences in dietary intake (p = .015) and time spent outdoors (p = .028) ( Table 4) . Smoking rates varied from 0% in the least deprived to 16% in the most deprived. However 4 months postdelivery maternal supplementation and sunlight exposure were similar across the quintiles.
| Factors affecting 25OHD levels in infants of WSW
The factors significantly associated with seasonally-adjusted cord blood sample 25OHD levels were maternal skin type (p = .017), time abroad (p = .003), and supplementation (p < .001; Table 5 ). We note that the effects of these variables on babies' serum 25OHD levels are somewhat weaker than those on the maternal levels.
There was a highly significant increase in median 25OHD levels from birth to 4 months of 38.6 to 85.8 nmol/l (p < .001). Thirty-four percent of infants born to WSW were exclusively breast-fed and 61% had insufficient and 37% deficient 25OHD levels. Eighty percent of breast-fed infants born to WSW were not given supplements, and 67% had insufficient levels of 25OHD. For mixed and formula-fed infants without supplements, only 10% and 1% were insufficient and 3% and 1% were deficient. Being breast-fed was the strongest predictor of 25OHD levels when adjusted for season with breast-fed babies having 63.2 nmol/L less 25OHD than formula-fed babies (p < .001). After adjusting for the season and type of feeding, the significant predictors of infant 25OHD levels were the administration of supplements (p = .005) and time outside (p = .015). There was a statistically significant difference in infant supplementation with deprivation, and 26% in quintile 5 received supplements compared with 7% in quintile 1 (Table 4) .
| DISCUSSION
This study has documented the 25OHD levels in WSW in the northern latitudes of England and has shown a median level of 77 nmol/L during pregnancy, which is substantially higher than a mean level of 33 nmol/L found in White and mixed White and Caribbean adolescents (Baker et al., 2009 ) but similar to the mean level of 71 nmol/L found in Western European pregnant women (Eggemoen et al., 2016) . There was a highly significant rise in insufficiency and deficiency from 27% and 7% during pregnancy to 48% and 11% four months after pregnancy, respectively. The levels of deficiency were higher than in a Norwegian cohort study where the level of deficiency in Western Europeans was 1.5% (Eggemoen et al., 2016) . This study is the first to highlight a subgroup of WSW with FST I who have significantly lower 25OHD levels and are more likely to have insufficiency or deficiency than FST II-IV. This highly significant difference persisted 4 months after delivery.
This study highlighted the fact that while 75% of WSW follow advice to supplement during pregnancy and there is a strong inverse relationship to IMD. Those who then breastfed tended not to supplement their infants making the infants particularly susceptible to insufficiency yet were not a group that were perceived to be at risk for 
| Strengths and limitations
The strengths of this study are the large sample size with recruitment over two full years to allow assessment and adjustment for seasonal effects, its focus on a less frequently investigated group of WSW, and the serial measurement of vitamin D during and after pregnancy, which has not been investigated before. There have been few studies The significant weakness of this study was the failure to collect a number of cord blood samples, which arose due to deliveries happening 24 hours each day with a resultant loss of follow up. Exposure to sunlight was only measured by self-assessment of time spent outside and abroad, and we did not assess time of day, sunscreen use or the amount of clothing worn whilst outside.
Overall, there were a substantial number of infants providing adequate samples to ensure valid data across all parameters and epochs.
There was no discernible bias introduced by the reduced numbers that completed the study. Median cord blood 25OHD levels were substantially lower at 39 nmol/L in this study compared with that reported in an Italian study of fair-skinned infants at 67 nmol/L (Cadario et al., 2013) . The explanation may relate to higher maternal sun exposure in Italy compared with NW England, but the equivalent maternal levels during pregnancy
were not recorded.
Although not the focus of this study, it appears that the public health advice to continue supplementation only if breast feeding leads to most WSW stopping supplementation whereas continued Values are number/denominator (%) or median (IQR). P values are from a χ2 or Kruskall-Wallis test comparing across quintiles.
Based on the full 630 participants who completed the baseline questionnaire, excluding 9 who failed to provide valid postcode data.
supplementation postdelivery in all women may maintain overall maternal higher levels. Conversely, there is a strong focus on the supply of supplements to infants, and with fortified formula, there is a rise in 25OHD levels by 4 months compared with cord blood levels. However, the importance of supplementing the infant if breast feeding does not seem to have been heeded and there may be conflicts between the message that breast feeding is natural, and is all that the infant requires for complete nutrition, and the opposing message that these infants need additional vitamin D. IMD 1 WSW had a substantially higher breast feeding rate at 57% compared with 22% for IMD 5 yet IMD 1 WSW provided the lowest level of infant supplementation at 7% compared with 26% for IMD 5. It is interesting that this is the converse of the highest level of self supplementation in IMD 1 during pregnancy. The higher level of supplementation of infants in IMD 4-5, at 4 times that in IMD 1-2, may reflect social provision of free vitamin supplements for young children in these groups.
| CONCLUSION
This is a large study over 2 years of WSW at latitude 53 o N of a developed country which has shown that 27% of WSW have 25OHD insufficiency and 7% deficiency during pregnancy which doubles to 48%
and 11% respectively post-delivery. Twenty-seven percent of WSW do not follow public health advice to take vitamin D supplements 
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